Integration of reproduction and metabolism is necessary for species survival. While the neural circuits controlling energy homeostasis are well-characterized, the signals controlling the relay of nutritional information to the reproductive axis are less understood. The cichlid fish Astatotilapia burtoni is ideal for studying the neural regulation of feeding and reproduction because females cycle between a feeding gravid state and a period of forced starvation while they brood developing young inside their mouths. To test the hypothesis that candidate neuropeptide-containing neurons known to be involved in feeding and energy homeostasis in mammals show conserved distribution patterns, we performed immunohistochemistry and in situ hybridization to localize appetite-stimulating (neuropeptide Y, NPY; agouti-related protein, AGRP) and appetite-inhibiting (cocaine and amphetamine-regulated transcript, CART; pro-opiomelanocortin, pomc1a) neurons in the brain. NPY, AGRP, CART, and pomc1a somata showed distribution patterns similar to other teleosts, which included localization to the lateral tuberal nucleus (NLT), the putative homolog of the mammalian arcuate nucleus. Gravid females also had larger NPY and AGRP neurons in the NLT compared to brooding females, but brooding females had larger pomc1a neurons compared to gravid females. Hypothalamic agrp mRNA levels were also higher in gravid compared to brooding females. Thus, larger appetite-stimulating neurons (NPY, AGRP) likely promote feeding while females are gravid, while larger pomc1a neurons may act as a signal to inhibit food intake during mouth brooding. Collectively, our data suggest a potential role for NPY, AGRP, POMC, and CART in regulating energetic status in A. burtoni females during varying metabolic and reproductive demands.
. The melanocortin system plays an important role in the hypothalamic regulation of energy balance, and encompasses melanocyte-stimulating hormone (MSH), adrenocorticotrophic hormone (ACTH), AGRP, and the central melanocortin 3 (MC3) and 4 (MC4) receptors (Schioth & Watanobe, 2002) . In teleost fishes, much like mammals, the reproductive axis is tightly connected with energy balance. For instance, the central melanocortin system in teleosts functions similarly to mammals in that up-regulation of the melanocortin receptor antagonist, AGRP, occurs during fasting in goldfish (Cerda-Reverter & Peter, 2003) and zebrafish (Song, Golling, Thacker, & Cone, 2003) . The melanocortin system, more specifically the melanocortin 4 receptor, is also involved in the regulation of growth and reproductive hormones in zebrafish (Zhang, Forlano, & Cone, 2012) . Thus, it appears that at least some of the neural control mechanisms regulating energetics and reproduction, including the melanocortin system, are conserved across vertebrates.
Metabolic status also acts to regulate the production of neuropeptides to either promote or inhibit feeding behavior (Williams & Elmquist, 2012) . In mammals, the arcuate nucleus of the hypothalamus is one of the best-studied brain regions for the neural control of feeding and appetite (Sohn et al., 2013) . POMC, AGRP, and NPY neurons are all found in the arcuate nucleus and are key regulators of food intake and energy expenditure (Kong et al., 2012) . Yang et al. (2011) showed that the hormone leptin is involved in a "flip-flop" memory storage circuit with ghrelin (set signal), in which leptin (reset signal) inhibits orexigenic (appetite-stimulating) neurons expressing neuropeptides such as AGRP and NPY, and stimulates anorexigenic (appetite-suppressing) neurons expressing neuropeptides such as alpha-melanocyte stimulating hormone (a-MSH) and CART. POMC, NPY, AGRP, and CART are found in the lateral tuberal nucleus (NLT) of fishes, the putative homolog of the arcuate nucleus in mammals (Liu et al., 2010) . Due to the structural homology of these neuropeptides across taxa (Hoskins & Volkoff, 2012) , comparative studies on their distribution, function, and how they may change under varying reproductive and metabolic states in diverse taxa will contribute to our understanding of the evolution of the regulation of feeding and energy expenditure.
The African cichlid fish Astatotilapia burtoni is an excellent system to investigate which neuropeptides are involved in the integration of feeding and reproduction because the females cycle between an energy investment state with increased food intake to promote ovarian recrudescence and vitellogenesis, followed by spawning and a brooding maternal care state when they consume little to no food. During this brooding starvation period, which typically lasts 2 weeks in A. burtoni, there is a noticeable decrease in body mass and delays in ovarian cycles and subsequent spawning (Fernald & Hirata, 1979; Grone et al., 2012; Renn, Carleton, Magee, Nguyen, & Tanner, 2009 ). Thus, there are clear metabolic, physiological, and behavioral differences between the gravid (full of eggs) energy investment phase and the mouth brooding energy consumptive phase. Little is known, however, about potential involvement of feeding-relevant neuropeptides in the brain in regulating the cyclical transition between these divergent reproductive-energy investment states.
The purpose of this study was to test the hypothesis that the drastically different reproductive and energetic states of gravid and mouth brooding A. burtoni females are associated with changes in candidate orexigenic and anorexigenic neural systems. While we use the general terms orexigenic for AGRP and NPY, and anorexigenic for CART and pomc1a, it is important to recognize that these neuropeptides (and their respective genes) are also involved in many other functions across different brain regions. Specifically, we aimed to (1) map the distribution of candidate orexigenic (AGRP, NPY) and anorexigenic (CART) neurons in the brain for the first time in a mouth brooding fish species, and (2) quantify differences in somata sizes of AGRP-, NPY-, and pomc1a-expressing neurons in NLT, as well as mRNA expression levels in the hypothalamus among divergent reproductive and energetic states. To test for reproductive state differences in neuropeptidecontaining neurons in the brain, we sampled both gravid females and mouth brooding parental females. Gravid females were initially selected based on body shape (distended abdomen), and gonadal status was subsequently confirmed based on oocyte diameters and gonadosomatic index (GSI) (GSI5[(gonad mass/body mass)*100]). Brooding females were collected 6-8 days after the onset of brooding, which is at or slightly past the mid-way point of their 12-14-day brooding period. Criteria were set for both gravid (GSI > 5.0) and brooding (GSI < 1.0; fry total length 5-10 mm) females to ensure that individuals within each group were of similar state. Individuals falling outside of these criteria were excluded from the dataset. Females were anesthetized in ice-cold fish tank water, sacrificed by rapid cervical transection between the hours of 8-10 am, and their body mass (BM), standard length (SL), liver mass (LM), and ovary mass (OM) were immediately measured. Once the ovaries were removed, the six largest oocytes were collected from the right ovary and the diameters of the long axis were measured and averaged. Liver mass was used to calculate the hepatosomatic index (HSI 5 [(liver mass/body mass)*100]) as a proxy for energy reserves, and ovary mass was used to calculate GSI as a measure of reproductive investment. Fulton's condition factor was also calculated using the formula K 5 100(W/L 3 ) where W is the whole body mass in grams, L is the standard length in centimeters, and 100 is used to bring K close to 1. For brooding females, whole body mass without the presence of the brood in the buccal cavity was used to calculate K.
| Immunohistochemistry
Throughout this article, we use the following standard nomenclature for fishes when referring to mRNA and protein expression: lowercase and italicized names are used when referring to genes and mRNA expression measured via qPCR and in situ hybridization (ISH), while uppercase and non-italicized names are used when referring to proteins labeled by immunohistochemistry (IHC).
Following sacrifice by rapid cervical transection, brains were removed, fixed in 4% paraformaldehyde (PFA) in 1x phosphate buffered saline (PBS) overnight at 48C, rinsed in PBS, and cryoprotected in 30% sucrose in 1xPBS at 48C prior to sectioning. Cryoprotected brains were embedded in Optimal Cutting Temperature (OCT) compound (Tissue-Tek, Sakura Fine Tek, Torrance, CA) and sectioned in the transverse plane at 18 mm using a cryostat (Leica, CM1850). Sections were collected onto a series of four alternate slides (Superfrost Plus, VWR, Chicago, IL) so that all four candidate neuropeptides could be stained and analyzed in each individual brain. Additional brains used solely for peptide distribution were sectioned at 20 mm and collected on alternate slides. Slides were dried overnight at room temperature and stored prior to staining (48C for IHC; 2808C for ISH).
To label NPY-, AGRP-, and CART-producing neurons in the brain, we performed standard IHC. To minimize variability between individual IHC and ISH runs for quantification purposes, each staining experiment contained representatives of both gravid and brooding fish. Slides were brought to room temperature (20-228C) and a hydrophobic barrier (Immedge pen; Vector Laboratories, Burlingame, CA) was applied around the sections and allowed to dry for about 40 min. The slides were then rinsed with 1xPBS (3 3 10 min) and non-specific binding was blocked (NPY: 2 hr; AGRP, CART: 1 hr) with 1xPBS containing 0.3%Triton-X-100 (Thermo-Scientific, Pittsburgh, PA), normal goat serum (NGS; Vector Laboratories) (NPY: 8%; AGRP: 2%; CART: 8%) and bovine serum albumin (BSA; Sigma-Aldrich, Atlanta, GA) (NPY:
1.0%; AGRP: 0.2%; CART: 0.2%). Slides were then incubated with primary antibody (AGRP: 1:10,000, H-003-53, Phoenix Pharmaceuticals, Burlingame, CA; CART: 1:5,000, H-003-62, Phoenix Pharmaceuticals; NPY: 1:12,000, N9528, Sigma-Aldrich; all polyclonal made in rabbit) overnight (16-18 hr) at 48C in a sealed humidified chamber. The primary antibody incubation was followed by 1xPBS washes (3 3 10 min), incubation with a biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, RRID:AB_2313606) made in 1xPBS with NGS (NPY: 20%; AGRP: 3.3%; CART: 8.3%) for 45 min-1 hr, washes with 1xPBS (3 3 10 min), quenching of endogenous peroxidases with 1.5-3.0% hydrogen peroxide in 1xPBS for 10 min, washes in 1xPBS (3 3 10 min), incubation with avidin-biotin-horseradish peroxidase complex (ABC Elite kit; Vector Laboratories, RRID:AB_2336819) (NPY: 1.5 hr; CART, AGRP: 2 hr), washes in 1xPBS (3 3 10 min), and reacted with a 3,3 0 -diaminobenzidine (DAB) peroxidase substrate kit with nickel chloride intensification (Vector Laboratories, RRID:AB_2336382) for 3 min.
Slides were then soaked in distilled water for 10 min to stop the reaction, dehydrated in an ethanol series (50, 70, 95, 100%) , cleared in xylene, and coverslipped with Cytoseal 60 mounting media (RichardAllan Scientific, San Diego, CA).
| Antibody characterization
Details of the primary antibodies used in this study are provided in A. burtoni was similar to that described for AGRP in zebrafish (Forlano & Cone, 2007 burtoni was consistent with previous localization results in zebrafish (Akash, Kaniganti, Tiwari, Subhedar, & Ghose, 2014; Mukherjee, Subhedar, & Ghose, 2012 Figure 1 ). Other procedural controls (omission of secondary antibody, ABC, and DAB) also resulted in no staining. Second, we performed ISH to label mRNA for agrp (N 5 2, SL 5 45.1 6 1.50 mm, BM 5 2.94 6 0.93 g, GSI 5 0.85 6 1.43), npy (N 5 5, SL 5 38.2 6 1.92 mm, BM 5 1.61 6 0.26 g, GSI 5 1.14 6 0.98), cart2 (N 5 7, SL 5 39.0 6 6.4 mm, BM 5 1.91 6 0.64 g, GSI 5 2.19 6 2.38) and cart4
(N 5 4, SL 5 39.3 6 6.8 mm, BM 5 1.86 6 0.44 g, GSI 5 3.13 6 2.62) (described below) on females of mixed reproductive states (Figures 1,   2 ). We used ISH rather than western blots to more accurately compare it to the localization of different IHC-identified cell populations within sectioned brain tissue.
Staining of agrp mRNA in cells of the NLT was identical to that observed by AGRP antibody (Figure 2a,b) . However, the AGRP antibody also stained the large neurons of gTN, which were not labeled via ISH. This IHC label remained after preabsorption of the AGRP antibody with excess AGRP peptide, suggesting that it is cross-reactive binding to some non-AGRP substance, similar to that described in the zebrafish (Forlano & Cone, 2007) . are identified in A. burtoni (Hu et al., 2016) , and our npy ISH results likely represent the distribution of npya. We chose to examine this form rather than the teleost-specific duplicate, npyb, because in the related Nile tilapia O. niloticus, npya is expressed at much higher levels in the brain compared to npyb, responds to changes in feeding conditions that are not evident in npyb, and intracranial injections stimulate food intake (Yan et al., 2017) . Thus it is possible that the neurons labeled in DT and gTN with IHC in A. burtoni represent npyb populations.
Similarly, the cells labeled by the CART antibody were primarily localized to the same regions as either cart2 or cart4 mRNA, but there were also additional cart2 and cart4 cells not detected by the CART antibody, and a population of large midline cells in nMLF that stained with the antibody but not cart2 or cart4 ISH ( Figure   2e -h). Six CART prohormones are identified in A. burtoni (Hu et al., 2016) , and we chose to examine cart2 and cart4 because of their known roles in feeding and energy metabolism, and their widespread localization in the brain of zebrafish, including hypothalamic regions involved in metabolic regulation such as NLT (Akash et al., 2014) .
Some possibilities for the differences in staining between IHC and ISH include variations in protein translation (i.e., turnover, or post- 
| Synthesis of riboprobes for ISH
To identify pomc1a, agrp, npy, cart2, and cart4 mRNA-containing neurons, we performed chromogenic-based ISH. To identify pomc1a-containing neurons, we performed ISH as a proxy for a-MSH. This approach was used because pilot experiments with several commercially available a-MSH antibodies failed to produce reliable staining. Following the teleost-specific whole genome duplication, three forms of pomc (pomc1a, pomc1b, and pomc2) are identified in A. burtoni and their localization in the brain and pituitary of this species was previously described (Harris, Dijkstra, & Hofmann, 2014; Hu et al., 2016) . We chose to quantify pomc1a neurons because phylogenetic analyses indicate that pomc1a is the homolog to the mammalian form responsible for the synthesis and cleavage of a-MSH in the pituitary in response to satiety signals (Amano et al., 2005) .
To localize cells, we used a digoxigenin (DIG) ISH protocol with riboprobes. Primers for each candidate gene were designed from the A. burtoni sequences available in Genbank ( Nutley, NJ) into the nucleic acid sequence, followed by probe purification (GE Illustra Probe Quant G-50 microcolumns). Probes were transcribed from the T3 polymerase transcription initiation sequence (aattaaccctcactaaaggg) that was added to the reverse (for anti-sense probes) or forward (for sense control probes) gene-specific primers.
PCR products and final probes were checked on a 1% agarose gel and verified to be bands of the correct size. Probes were diluted with hybridization buffer and stored at 2208C.
| In situ hybridization
Chromogenic-based ISH was performed as previously described (Butler & Maruska, 2016; Grone & Maruska, 2015; Maruska, Butler, Field, & Porter, 2017) , and all solutions used during the protocol were 
| Imaging and analysis
To map the distribution patterns for neuropeptide-containing neurons in the brain, stained slides were visualized on a Nikon Eclipse Ni microscope and photographs were taken with a color digital camera (Nikon DS-Fi2) controlled by Nikon elements software (RRID:SCR_014329).
Neuroanatomical regions and specific brain nuclei were identified using atlases and cytoarchitecture previously described in A. burtoni (Burmeister, Munshi, & Fernald, 2009; Maruska et al., 2017; Munchrath & Hofmann, 2010) as well as in other fish species (Imura et al., 2003; Munoz-Cueto, Sarasquete, Zohar, & Kah, 2001; Wullimann, Rupp, & Reichert, 1996) . Images were sharpened, adjusted for contrast, brightness, and levels, and distracting artifacts removed with the clone tool 
| Quantitative PCR (qPCR)
To examine the mRNA levels of the same neuropeptides quantified for somata size and distribution, as well as several other relevant genes, we performed qPCR on macro-dissected hypothalamic regions from a different set of females. Gravid (N 5 15) and mouth brooding (N 5 13) females were sacrificed as described above and the brains were macro-dissected to first divide the brain into the telencephalon, diencephalon and mesencephalon, and rhombencephalon ( Figure 3e) . The diencephalon was then further dissected so that the hypothalamus (without pituitary gland) was removed and used for qPCR. The brain was macro-dissected in this fashion to focus on the NLT, where somata sizes were quantified in a different set of animals, but also included other diencephalic nuclei (e.g., ATn, NRL, NDILI, NRP, NCIL) known to be involved in feeding and reproduction. This approach also removed any NPY, AGRP, CART, and/or pomc1a populations in other brain regions such as the preoptic nuclei. The hypothalamic tissue was weighed (2-6 mg per individual), rapidly frozen on dry ice, and then immediately stored at 2808C until RNA isolations were performed.
Hypothalamic tissue was homogenized and total RNA was extracted following manufacturer's protocols (RNeasy Mini Plus Kit, Qiagen). RNA yields were calculated using spectrophotometric values to ensure that a consistent amount of RNA (250 ng/ll) was used as a template for cDNA synthesis (iScript, Bio-Rad, Hercules, CA). The resulting cDNA was then re-measured via spectrophotometry to check the quality, and then diluted 1:5 prior to qPCR. Primers for all genes of interest [pomc1a, agrp, ghrelin receptor (ghs-r1), leptin receptor (lepr), cart2, cart4, npy] were designed from A. burtoni sequences available in Genbank (Table 2) 658C for 5 s, followed by a melt curve analysis. Fluorescence thresholds for each sample were automatically measured (CFX Manager, BioRad) and then PCR Miner (Zhao & Fernald, 2005) was used to calculate cycle thresholds and reaction efficiencies for individual wells as described previously (Maruska, Becker, Neboori, & Fernald, 2013; Maruska, Levavi-Sivan, Biran, & Fernald, 2011; Maruska, Zhang, Neboori, & Fernald, 2013) . This curve-fitting qPCR algorithm objectively calculates reaction efficiency and the fractional cycle number at threshold (CT) of the amplification curve for more accurate computation of mRNA levels.
The relative amount of mRNA was then normalized to the geometric mean of the two reference genes 18s rRNA and rpl32 (60S ribosomal protein L32) using the following equation: relative target mRNA levels 5 
| Statistical analyses
To test for differences between reproductive states in physiological variables (GSI, HSI, oocyte diameter, SL, BM) we used two-tailed unpaired t tests or non-parametric Mann-Whitney tests when assumptions of normality and equal variance were not met (SigmaPlot, Systat, (Figure 5g-j) .
The rostral NRL has moderately dense fibers, while more caudal NRL regions have scattered fibers (Figure 5h-k) . The caudal part of the diffuse nucleus of the inferior lobe (NDILc) has low density fibers in the medial area dorsal to the NRL (Figure 5j, k) . Dense fibers are also present in the NRP (Figure 5h ) and in the NPT.
The rostral portion of the dorsal posterior thalamic nucleus (DP)
contains dense fibers throughout, while the density is lower in more caudal sections (Figure 5g ). The central posterior thalamic nucleus (CP)
has moderately dense fibers in rostral sections, but fibers are less dense and confined to the center of the nucleus in more caudal regions (Figure 5g) . Moderately dense fibers are seen in the ventral habenular nucleus (nHv) and more scattered fibers in the dorsal habenular nucleus nuclei of the reticular formation (Figure 5j, l) . Moderately dense to dense fibers are found bordering the dorsal portion of the vagal lobe (VL) and moderately dense fibers are present within the VL ( Figure   5m ). Low to moderately dense fibers lie in the medial funicular nucleus (MFN) and descending trigeminal tract (dtt) (Figure 5n ).
| Localization of npy neurons -ISH
In the olfactory bulbs, npy cells are abundant in the ICL, which was not observed with antibody staining (Figure 7a ). In the telencephalon, some (Figures 8f, 9d ).
In the preoptic nuclei, AGRP-ir fibers are abundant in the nPPa, nMMp, nPMp, nPPp, and nGMp (Figures 8d, e, 9b ). Dense fibers are present in the nPPa and nPMp, while moderately dense fibers are present in the nPPp (Figure 8d , e). The rostral nMMp contains moderately dense fibers, which increase in density towards the caudal nMMp (Figure 8d) . The regions lateral to these preoptic nuclei also contains moderately dense fibers (Figure 8d ).
In the hypothalamus, low density AGRP-ir fibers lie in NLTd, NLTi, NLTm, and NLTv (Figures 8e, f, 9c, d ). Low to moderately dense fibers also lie in ATn (Figures 8f, 9f) , and scattered fibers are present in some more caudal diencephalic regions such as the medial nucleus of the interior lobe (NMIL) bordering the ventral side of the glomerular nucleus (Gn), and in NDILl (Figure 8g, h ). Fibers are scattered in the NRL and are present throughout the entire rostro-caudal extent of this nucleus (Figures 8g-j, 9e ).
In the thalamic region, scattered fibers exist in DP, CP, and VMn, as 
| Localization of agrp neurons -ISH
ISH labels agrp neurons solely within the hypothalamic NLTv, which is consistent with the somata labeling observed with IHC (Figure 2a, b) .
| Localization of CART-immunoreactivity Olfactory bulbs and telencephalon
There are no CART-ir cells in the olfactory bulbs. CART-ir fibers lie primarily in the ICL, but there are also some scattered fibers in the ECL and lateral margin of the rostral GL (Figure 8a ). Figures 8d,   10b ), medial area of the ventral nPPp (Figures 8e, 10d ), NLTv (Figures 8f, 10e) , and NRP (Figures 8g, 10g) . A small group of CART-ir cells also lies in the thalamus just lateral to DP and CP (Figures 8f, 10f) . Large CART-ir cells (mean 6 SD diameter: Gravid:
In the telencephalon, CART-ir cells lie in the rostral

Diencephalon and mesencephalon
CART-ir cells lie in the entopeduncular nucleus (E) (
9.543 6 1.146 mm; Brooding: 9.663 6 1.180 mm) are also found in the medial region of the nMLF situated dorsal to the mlf, and in DT (Figures 8g, h, 10h ). (Figure 13c ). Correlations between somata sizes, GSI, and HSI for gravid and brooding females combined are summarized in Table 3 . There is a negative correlation between pomc1a somata size and GSI. Pomc1a somata size is also negatively correlated with both NPY-ir and AGRP-ir somata sizes. NPY-ir and AGRP-ir somata sizes both show a positive correlation with GSI. HSI is not correlated with any of the neuropeptide somata sizes. However, there were no significant correlations among any variables when gravid females (all r < 0.60; p > 0.05) and brooding females (all r < 0.40; p >0.05) were run separately. Macro-dissected hypothalamic mRNA levels for agrp, cart2, cart4, ghrelin receptor (ghs-r1), leptin receptor (lepr), npy, and pomc1a were compared between gravid and brooding females. Agrp mRNA expression is significantly higher in gravid females compared to brooding females, but there are no differences between gravid and brooding females for any of the other mRNA levels measured (Table 4) . Correlations between hypothalamic mRNA levels for all fish combined are summarized in Table 5 . Pomc1a mRNA levels positively correlate with agrp mRNA levels in the hypothalamus, and npy mRNA levels positively correlate with mRNA levels of the receptors, ghs-r1 and lepr. When 
| DISCUSSION
Our results provide the first localization maps of NPY, AGRP, and CART neurons throughout the entire brain of a mouth brooding teleost fish. We demonstrate that these neuropeptides are found in brain regions that regulate feeding, energy status, and reproduction that are conserved with those of higher vertebrates. Future studies should conduct co-labeling experiments to test whether any of these neuropeptides are expressed in the same or different neurons, particularly in the NLT. Further, we show that somata size of pomc1a, AGRP, and NPYproducing neurons differs between gravid and mouth brooding A. burtoni females, suggesting that changes in the synthesis, release, or neural activity of these neurons is important for regulating cyclical variations between these different energetic and reproductive states.
| Comparisons of NPY, AGRP, and CART with other teleosts Neuropeptide Y (NPY)
Moderate NPY-immunoreactive fibers were detected in all layers of the olfactory bulb (ECL, ICL, GL, SOF) in A. burtoni, which is similar to other fish species including tilapia (Sakharkar et al., 2005) , goldfish , and the ayu (Chiba, Oka, & Honma, 1996) .
NPY-ir cells were not detected in the olfactory bulbs of A. burtoni, which is similar to the Senegalese Sole (Rodriguez-Gomez, Rendon- Macro-dissected hypothalamic mRNA levels are normalized to the geometric mean of the reference genes 18s and rpl32 (see methods for details). Values are reported as mean 6 SD. Statistical values are results of ANCOVA, using hypothalamic mass as a covariate.
Unceta, Sarasquete, & Munoz-Cueto, 2001 ), but differs from other species such as the goldfish , senegal bichir (Reiner & Northcutt, 1992) , and ayu (Chiba et al., 1996) , in which NPY-ir cells were present in the ECL of the olfactory bulbs. However, npy mRNA was abundant in cells of the ICL in the olfactory bulbs in A. burtoni, which is consistent with that seen in the sea bass In the telencephalon of A. burtoni, NPY-immunoreactive cells were found in the Vd-r, Vl, Vc, and Dc, and -ir fibers were present throughout the dorsal and ventral telencephalon. This NPY-ir fiber pattern is generally similar to that reported in other teleosts (Batten, Cambre, Moons, & Vandesande, 1990; Chiba et al., 1996; Danger et al., 1991; Gaikwad et al., 2004; Kah et al., 1989; Pontet et al., 1989; Sakharkar et al., 2005; Subhedar et al., 1996) . NPY-immunoreactivity in A. burtoni was also present in various regions that are homologous to mammalian nuclei involved in feeding and reproduction. For example, NPY-ir cells were present in the entopeduncular nucleus (E), which is consistent with findings in goldfish (Pickavance, Staines, & Fryer, 1992) , rainbow trout (Danger et al., 1991) , catfish (Gaikwad et al., 2004) , killifish (Subhedar et al., 1996) , and carp (Marchetti et al., 2000) . While the definitive homolog of the entopeduncular region is not known in teleosts, the mammalian entopeduncular region is part of the amygdala (O'Connell & Hofmann, 2011). However, the entopeduncular nucleus is also thought to play a role in reproduction. In castrated male tilapia, for example, depletion of NPY immunoreactivity in E neurons was evident post-castration, but was restored following testosterone treatments (Sakharkar et al., 2005) , suggesting a reproductive role for the NPY-ir cells in E. The prevalent NPY-immunoreactivity in the telencephalon of teleosts suggests widespread modulatory roles in reproduction, sensory processing, decision-making, and social and other life-history behaviors.
For example, in the preoptic area of A. burtoni, NPY-ir cells were present in nPPa, nMMp, and nPMp, and fibers were found throughout all preoptic nuclei. In teleosts, the importance of the preoptic area in reproduction is well established because it contains GnRH1 neurons that project directly to the pituitary to stimulate the synthesis and release of gonadotropin hormones. In A. burtoni, NPY-ir cells were also present in the NLT, the teleost homolog to the mammalian arcuate nucleus (Cerda-Reverter & Peter, 2003; Liu et al., 2010) involved in the control of energy balance and feeding behavior. Thus, the present study suggests that NPY's role in regulating feeding and reproductive functions is likely conserved.
| Agouti-Related Protein (AGRP)
AGRP-immunoreactivity in the olfactory bulb of A. burtoni was restricted to a few fibers in the ICL. This is similar to zebrafish where fibers were found in the olfactory bulbs, however, they were not restricted to a particular cell layer (Forlano & Cone, 2007) . Therefore, the presence of AGRP in the olfactory bulbs of A. burtoni suggests a conserved neuroanatomical distribution, but examinations in more species are needed. The presence of AGRP in the olfactory bulb could suggest a role in olfactory processing, specifically in conjunction with the melanocortin system. a-MSH-ir fibers are present in the olfactory bulbs of zebrafish and the MC4 receptor was present in the olfactory bulb of the spiny dogfish (Ringholm et al., 2003) , suggesting that AGRP may modulate olfactory processing related to feeding and energetic status.
AGRP-ir cells in A. burtoni are found exclusively in the NLT of the hypothalamus. This is consistent with findings in goldfish (CerdaReverter & Peter, 2003) , zebrafish (Forlano & Cone, 2007) , and sea bass (Agulleiro et al., 2014) , where AGRP is mainly expressed in the caudal portion of the NLT. This region of the brain is associated with feeding and energy expenditure in teleosts (Forlano & Cone, 2007) , and is considered the homolog of the arcuate nucleus in mammals because it expresses the specific arcuate markers, AGRP and POMC. In while in other species fasting decreases agrp levels [e.g., common carp (Wan et al., 2012) ]. Nevertheless, most studies suggest that AGRP also functions as a feeding modulator in teleost fishes. AGRP and NPY are co-expressed in the same neurons in mammals, but further double label studies are necessary to determine if this is also true in A. burtoni and other teleosts. Our study provides further evidence that the neuroanatomical distribution of AGRP is conserved and suggests that the mechanisms regulating energy homeostasis may be similar across vertebrates.
| Cocaine and amphetamine-regulated transcript (CART)
CART-immunoreactivity was absent from the SOF and gTN of A. burtoni, but CART-immunoreactive fibers were observed in the ICL, ECL, and GL of the olfactory bulb, which is consistent with previous findings in catfish (Singru et al., 2007) and zebrafish (Akash et al., 2014) , suggesting a role for CART in the processing of olfactory information in teleosts. Similarly, in rats, low density CART-ir fibers were found in the inner plexiform layer, and CART-ir cells were present in the mitral and outer plexiform layers of the olfactory bulbs (Couceyro, Koylu, & Kuhar, 1997; Koylu, Couceyro, Lambert, & Kuhar, 1998) . Further, CART peptide was found in the mitral cells of the rat olfactory bulb, suggesting a role for CART in the processing of olfactory signals in mammals as well (Couceyro et al., 1997; Koylu et al., 1998) . In A. burtoni, cart2 cells were also abundant in the ICL, which is consistent with that in the zebrafish (Akash et al., 2014) . Taken together, these findings suggest a role for CART in the processing of olfactory information in vertebrates that warrants further investigation with a comparative approach. Further, the wide distribution of CART-ir fibers in brain regions that process other sensory information (e.g., visual, auditory, mechanosensory) in A. burtoni and other fishes (Mukherjee et al., 2012) suggests additional functions in sensory integration.
CART-immunoreactivity was also present in neuroendocrine regulatory areas of the telencephalon and diencephalon in A. burtoni. For example, CART-ir cells were present in the entopeduncular nucleus, which is congruent with studies done in the catfish (Mukherjee et al., 2012; Singru et al., 2007) and zebrafish (Akash et al., 2014) . In contrast, however, CART-immunoreactivity was not observed in the entopeduncular nucleus of the frog Rana esculenta (Lazar, Calle, Roubos, & Kozicz, 2004) . This suggests that there may be species or taxa-specific differences across vertebrates. CART-ir somata were also present in the nPPp of A. burtoni, and fibers were present throughout the preoptic nuclei, which is consistent with other teleosts. Further, cart2 cells were detected in several preoptic nuclei via ISH in A. burtoni. In zebrafish, ISH experiments showed cart2 and cart4 cells in nPPa and nPPp (Akash et al., 2014) , and immunostaining experiments demonstrated a dense CART-ir fiber network in the preoptic area (Mukherjee et al., 2012) . In catfish, dense immunoreactivity was also seen in the preoptic area, which also varied seasonally and with reproductive state (Barsagade et al., 2010) . The preoptic area of teleosts is well-recognized as an important node in the regulation of reproduction (Yu, Rosenblum, & Peter, 1991) and contains neurons that innervate the pituitary gland (e.g., GnRH1 cells), which regulate hypophysiotropic functions such as gonadotropin hormone secretion (Akash et al., 2014; Zohar, MunozCueto, Elizur, & Kah, 2010) . In mammals, CART-immunoreactive fibers were observed in close proximity to GnRH cells in the preoptic area [Siberian hamster; (Leslie et al., 2001) , and pig; (Bogus-Nowakowska et al., 2011)] , and the CART-expressing neurons in the arcuate nucleus and premammilary ventral nucleus communicate with GnRH containing neurons in the POA. It is thought that this circuitry modulates GnRH1 secretion resulting in a surge of luteinizing hormone, as well as facilitating leptin's effect on GnRH secretion (Rondini, Baddini, Sousa, Bittencourt, & Elias, 2004; Subhedar, Nakhate, Upadhya, & Kokare, 2014) . A recent study by True,, et al. (2013) showed that CART had extensive connectivity with GnRH1 and kisspeptin-expressing neurons in the preoptic area, and electrophysiology experiments showed that CART post-synaptically depolarized both GnRH1 and kisspeptin cells (True, Verma, Grove, & Smith, 2013) . In addition, CART mRNA expression and the number of CART-immunoreactive cells decreased during calorie restriction, suggesting that CART expression in animals of depressed metabolic conditions could inhibit the reproductive axis True et al., 2013) . Overall, this conserved neuroanatomical distribution from fishes to mammals suggests a potential mechanism by which nutritional status is conveyed to the reproductive system via circuitry that involves the preoptic nuclei of vertebrates.
CART-immunoreactivity is also observed in regions associated with the regulation of feeding, energy balance, and gustation in teleosts. These areas include the E, NLT, NRL, and NDIL, which all showed CART immunoreactivity in A. burtoni. This is consistent with previous findings that demonstrated CART-ir somata in the NLT of zebrafish and catfish (Akash et al., 2014; Subhedar et al., 2014) . In zebrafish, starvation led to a reduction in cart2-expressing neurons of the E and NRL, and cart4-expressing neurons in the NLT (Akash et al., 2014) . Thus, CART may have a central role in the regulation of energy balance and feeding in teleosts, similar to that described in mammals (Lin et al., 2000; Subhedar et al., 2014; Volkoff et al., 2005) . Due to the whole genome duplication event in teleosts, multiple cart genes are reported in zebrafish (Akash et al., 2014) and in A. burtoni (Hu et al., 2016) , and our ISH results showing divergent distributions for cart2 and cart4 suggest subfunctionalization. Further studies are needed to examine functional differences of these different forms.
4.4 | Reproductive state differences in somata size and mRNA expression In another study done in Japanese quail and domestic chickens, the authors double-labeled for NPY using IHC and ISH and demonstrated the coexistence of npy mRNA and NPY peptide in individual cells (Boswell, Millam, Li, & Dunn, 1998) . This suggests that these cells are both transcribing npy mRNA as well as storing the peptide. Therefore, an increase in cell size could be due to an increase in peptide production or reduced peptide release and storage, but it is not possible to distinguish amongst these possibilities via staining techniques alone.
In our study, we tested whether neuron somata size and gene expression for candidate orexigenic and anorexigenic genes varied based on reproductive and energy consumption states. Our results showed larger NPY-ir and AGRP-ir somata in gravid compared to brooding females, and larger pomc1a somata in brooding compared to gravid females. One explanation for the changes in cell size between gravid and brooding females could be the need for mechanisms that allow quick adaptive changes in the neuroendocrine system without cell addition or cell death (Francis, Soma, & Fernald, 1993) . For example, somata that increase in volume can support more complex dendritic inputs, which can have important functional implications for the response properties of individual neurons within the circuit (Mainen & Sejnowski, 1996; Roberts, Best, & Suter, 2006) . This is potentially important in mouth brooding fish such as A. burtoni, as females undergo a fairly rapid transition from a gravid (energy investment) to a brooding (energy consumptive) state when her clutch of eggs is effectively transferred from her abdominal cavity into her buccal cavity during spawning. During this "motivational switch" from a self-promoting to an offspring-promoting phenotype, it is important that the neurons involved in regulating the accompanying behaviors and physiology demonstrate plasticity, especially when food intake is no longer physically possible. There is also a precedent for rapid changes in somata size in male A. burtoni, since GnRH1 neurons enlarge within the first 24 hr of a transition from reproductively suppressed subordinate to reproductively active dominant social status (Maruska, 2014; . Thus, rapid changes in cell size may be a common mechanism mediating phenotypic plasticity within different neuroendocrine systems for both males and females of this species.
To further investigate the involvement of these candidate neuropeptides in the regulation of the neural control of the mouth brooding parental care strategy, including the period of necessary fooddeprivation, RT-qPCR was performed on macro-dissected hypothalamic tissue. We demonstrate that levels of hypothalamic agrp were higher in gravid compared to brooding females, which mirrors the observed differences in AGRP-ir somata sizes. The difference between reproductive states could be explained by AGRP's role as a melanocortin antagonist, and therefore, higher agrp mRNA levels in gravid females may contribute to regulation of the melanocortin system by inhibiting the binding of a-MSH to the MC4 receptor, maintaining high food intake during the consumptive gravid phase. This is important because the females need to build up metabolic stores in addition to undergoing vitellogensis, which would ensure that the female carries to term, and does not pre-release or cannibalize her fry. In mammals, AGRP inhibition of POMC neurons is thought to be more important for long-term regulation of appetite than the short-term feeding behaviors typically stimulated by AGRP neuron activation (Sternson & Atasoy, 2014) . Thus, AGRP neurons show bidirectional control of feeding behavior, and increased mRNA levels in gravid female A. burtoni may reflect changes in the maintenance of feeding during their energy investment period.
In the current study, hypothalamic mRNA levels of all other candidate genes did not differ between gravid and brooding female A. burtoni, and we offer several potential explanations below. First, while the females are brooding, they are physically incapable of eating so our initial prediction was that lepr mRNA expression would be higher during this reproductive stage, thereby increasing the sensitivity of the hypothalamus to the leptin signal to prevent the females from cannibalizing or releasing their brood. On the other hand, gravid females have to maintain their caloric intake while they undergo vitellogenesis and ovarian recrudescence, so our initial prediction was that they would have higher levels of ghs-r1 mRNA to maintain feeding motivation and food intake. In the current study, however, mRNA levels of ghrelin receptors and leptin receptors did not differ between gravid and brooding females, so it is possible that fasting/feeding does not influ- Second, there were also no differences in hypothalamic mRNA expression of pomc1a and npy between gravid and brooding A. burtoni females. These results are similar to other studies that demonstrated little to no change in pomc hypothalamic mRNA levels associated with variations in feeding and fasting state in fishes (Cerda-Reverter et al., 2011; Sanchez, Rubio, & Cerda-Reverter, 2009 ). Thus, regulation of pomc neurons during prolonged fasting may involve other mechanisms such as differential processing of pomc precursors or changes in melanocortin receptor expression rather than changes in mRNA levels. Similar to our results for npy, a previous study in A. burtoni also found no differences in whole brain npy expression among gravid (fed), starved, and brooding (starved) females (Grone et al., 2012) . Studies in other fishes show considerable variation in the response of npy mRNA levels to feeding conditions (Murashita, Kurokawa, Ebbesson, Stefansson, & Ronnestad, 2009; Yan et al., 2017; Yokobori et al., 2012) . Thus, the regulation of npy mRNA may vary between species that differ in diet, digestive physiology, and metabolic trade-offs associated with lifehistory characteristics such as parental care. In addition, NPY is a widely distributed neuromodulator that is involved in the regulation of many other physiological processes, as well as behaviors including stress, reproduction, and aggression. Thus, investigation of potential changes in mRNA expression at finer-scale neuroanatomical resolution is needed.
Lastly, levels of cart2 and cart4 mRNA also did not differ between gravid and brooding A. burtoni females. cart2 and cart4 were selected as potential candidates regulating energy balance and feeding behavior because of their previously described role in zebrafish. For example, starvation in zebrafish led to a reduction in the population of cart2
mRNA-expressing cells of the E and NRL, and in the cart4 mRNAexpressing cells of the NLT (Akash et al., 2014) . However, our observations that hypothalamic pomc1a and cart mRNA levels do not differ between gravid and brooding females could suggest that regulation of the melanocortin receptors is primarily due to an increase in agrp biosynthesis rather than a decrease in pomc1a and cart biosynthesis. It is important to note, however, that mouth brooding is an extreme form of parental care and forced starvation, and there may be additional regulatory circuitry within the hypothalamus that is fundamentally different from that found in non-brooding fish species in a fasted condition.
Further, in mammals, a neural circuit has been identified from the parabrachial nucleus to the central nucleus of the amygdala (CeAlc) that mediates appetite suppression during unfavorable conditions, which is different from the circuit that controls appetite suppression after feeding (Carter, Soden, Zweifel, & Palmiter, 2013) . Therefore, it would be important in the future to include a starved female group (nonbrooding state) with a brooding female group (unfavorable condition). Grone et al. (2012) found that food deprivation accounted for the physiological changes seen in mouth brooding females (delayed ovarian cycles and subsequent spawning, decrease in body mass), but that starvation alone did not account for the neurological changes. Thus, the starved female group (non-brooding state) could help to determine whether the conditions of the starvation state influences somata sizes and gene expression within specific brain nuclei and whether or not they are due to the parental behavioral state. In addition, it is possible that some neuromolecular mechanisms used for energy storage during the gravid phase are sufficient to support the starvation period during brooding, and are therefore not reflected in mRNA changes. Nevertheless, since these candidate neuropeptides and their functions are relatively well conserved, our work provides insights for understanding the neural control of feeding and reproductive circuits across vertebrate taxa.
| C O NC LU S I O N S
In this study, we provide the first complete distribution patterns of CART, NPY, and AGRP neurons throughout the entire brain of a mouth brooding teleost fish. The similarity in localization of these neuropeptides amongst teleosts, as well as with that of mammals, suggests that the neural circuitries regulating the interaction of feeding and reproduction are relatively well conserved. Reproductive-and metabolicstate plasticity in the somata size of NPY, AGRP, and pomc1a-expressing neurons in the A. burtoni brain also suggests that these neuropeptides are involved in regulating phenotypic and metabolic changes associated with the transitions between gravidity and mouth brooding parental care stages. Future studies should focus on the functional roles of these neuropeptides in regulating and maintaining reproductive and metabolic homeostasis during this transition between gravid and mouth brooding states.
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